oledronate is an intravenously administered bisphosphonate that has been shown in randomized clinical trials to reduce fracture risk in osteoporosis.
effects on bone mineral density (BMD) and biochemical markers of bone turnover that were superior to placebo, were indistinguishable from one another and remained substantial after 1 year. These effects on surrogate markers for fracture suggest that smaller or less frequent doses of zoledronate than 5 mg annually may also have efficacy in preventing fractures.
Evidence that less frequent administration of the currently recommended 5-mg dose of zoledronate might reduce fracture risk includes data from randomized clinical trials conducted in postmenopausal women, 5 older women in institutional care 6 and men with HIV infection, 7 which have indicated that 4-mg and 5-mg doses of zoledronate produce antiresorptive activity that persists for up to 5 years. A post hoc analysis of the zoledronate phase III trials reported similar reductions in fracture risk after 3 years in response to 3 annual administrations of 5 mg zoledronate and a single baseline administration of 5 mg. 8 
RESEARCH

Duration of antiresorptive activity of zoledronate in postmenopausal women with osteopenia: a randomized, controlled multidose trial
At present, there are no long-term data on the duration of antiresorptive activity of zoledronate at doses below 4 mg. In a 2-year randomized placebo-controlled trial of single baseline doses of zoledronate (1 mg, 2.5 mg or 5 mg) in 180 postmenopausal women with mild bone loss, we reported substantial and sustained effects of each zoledronate dose on BMD and bone turnover markers. 9, 10 To clarify the duration of action of each of these doses on these surrogate markers of bone health, we conducted a 3-year open-label extension of the core trial, without further drug administration.
Methods
Study design and participants
This trial was an open-label extension of a 2-year double-blind randomized placebo-controlled trial (trial registration ACTRN12607000576426; date of registration Nov. 9, 2007) , the design and results of which have been published. 9, 10 In the core trial, 180 late postmenopausal women with mild bone loss (BMD T score between -1 and -2.5 at either lumbar spine or total hip) were randomly assigned to receive a single baseline administration of zoledronate 1 mg, zoledronate 2.5 mg, zoledronate 5 mg (each given as a 15-min intravenous infusion in 100 mL 0.9% sodium chloride [NaCl]) or placebo (100 mL 0.9% NaCl administered in an identical fashion). Women receiving antiresorptive therapies or systemic gluco corticoids were ineligible, as were those with previous hip fracture, clinical vertebral fracture or postmenopausal wrist fracture; those who had ever used an amino bisphosphonate or had used etidronate within the past 3 years; those with any major systemic illness; and those with serum 25-hydroxyvitamin D below 25 nmol/L. Participants were recruited between January 2008 and July 2009, by advertisements seeking healthy postmenopausal women to participate in clinical bone research and by approaching participants who had previously been involved in clinical research within our group and had indicated interest in participating in future studies. The study was configured to detect a difference (2-tailed p < 0.05) in the change in lumbar spine BMD of 5% between each of the 3 doses of zoledronate and placebo.
All participants who completed the original protocol (n = 160) were eligible for the extension protocol.
Randomization and masking
Randomization was supervised by the study statistician (G.G.), using a variable block-size schedule based on computer- Withdrew n = 9
• Personal reasons n = 5
• Started alendronate n = 3 • Ill health, not specified n = 1
Withdrew n = 9
• Personal reasons n = 7 • Brain tumour n = 1 • Spinal surgery n = 1
Withdrew n = 11
• Personal reasons n = 10 • Ill health, not specified n = 1
Withdrew n = 5
• Personal reasons n = 4 • Brain tumour n = 1
Completed the protocol n = 25
Completed the protocol n = 30
Completed the protocol n = 27
Completed the protocol n = 36
Included in analysis of BMD and bone turnover n = 34
Included in analysis of BMD and bone turnover n = 39
Included in analysis of BMD and bone turnover n = 38
Included in analysis of BMD and bone turnover n = 41
Figure 1: Flow of participants through the trial. BMD = bone mineral density. generated (Microsoft Excel 2003) random numbers. In the core trial, only the statistician and the staff member who prepared the infusions had access to treatment allocation, and neither had contact with participants. Participants were unblinded to treatment allocation after completion of the core trial.
Intervention
No additional study medication was administered during the trial extension.
Outcome measures
BMD was measured at lumbar spine (L1-L4), dual total hip and total body at 6 monthly intervals in the core trial, and then at 30, 36, 42, 48 and 60 months in the extension trial. Densitometry was performed with a Lunar Prodigy dual-energy x-ray absorptiometer (GE Lunar). The coefficients of variation for measurement of total hip and lumbar spine BMD in our laboratory are 1.1% and 1.4%, respectively. The serum markers of bone resorption (ß-C-terminal telopeptide of type I collagen [ß-CTX]) and bone formation (procollagen type 1 N-terminal propeptide [P1NP]) were measured in samples collected after overnight fasting at baseline; at 3, 6, 9, 12, 18 and 24 months in the core trial; and then at 30, 36, 42, 48 and 60 months in the extension protocol. Measurements were performed using the Elecsys 2010 platform (Roche Diagnostics). The coefficients of variation for these markers are 5.1% for ß-CTX and 1.9% for P1NP.
End points
The primary end point of the core trial was change in lumbar spine BMD. Secondary end points were change in BMD at total hip and total body, and changes in ß-CTX and P1NP. The same hierarchy of end points was applied to the extension protocol.
Statistical analysis
The primary analysis was by intention to treat and was undertaken for all participants who were randomly assigned in the core trial and who consented to participate in the extension protocol. A secondary analysis was performed with data for only those participants who completed the 5-year protocol. We analyzed the data using a mixed-models analysis of covariance approach to repeated measures (unstructured covariance) with the absolute change in BMD or bone turnover marker as the dependent variable and including baseline level of the dependent variable as the covariable. Significant time by treatment interaction effects were further explored by post hoc comparison of each dose with placebo at each time point (Dunnett test). Values of p less than 0.05 were considered statistically significant, and all tests were 2-tailed. We used SAS version 9.4 (SAS Institute Inc.) for all analyses.
Ethics approval
The extension protocol received ethics approval from the Northern Y Regional Ethics Committee. All participants gave written, informed consent. Note: β-CTX = β-C-terminal telopeptide of type I collagen, BMD = bone mineral density, P1NP = procollagen type 1 N-terminal propeptide, SD = standard deviation. *Except where indicated otherwise. †Excluding motor vehicle crashes.
Results
During the initial recruitment period, 613 women received study information after responding to advertisements, as did 12 participants in previous studies who had indicated interest in participating in future studies. The flow of participants through the core trial and extension is shown in Figure 1 . Table 1 contains the baseline data for trial participants. The participants who entered the extension were similar to the cohort of participants who enrolled in the core trial (Appendix 1, available at www.cmaj.ca/ lookup/suppl/doi:10.1503/cmaj.161207/-/DC1). 9 Three participants, all in the placebo group, commenced alendronate therapy. One participant in the group that received zoledronate 2.5 mg also received prednisone for giant cell arteritis for 23 months at an average dose of 10 mg/day. No participants died during the trial. The number of participants contributing data at each annual time point is shown in Appendix 2 (available at www.cmaj.ca/lookup/suppl/doi:10.1503/cmaj.161207/-/DC1).
Bone mineral density
BMD data are depicted in Figure 2 and, for clarity, the treatment effects of each dose compared with placebo at each annual time point are shown in Table 2 . Each dose of zoledronate produced improvements in BMD at each site, compared with placebo. As expected, treatment effects were greatest at the spine, which is enriched for trabecular bone, and least at the total body, which is predominantly cortical bone. In the axial skeleton, statistically significant increases in BMD compared with placebo were observed for the 1-mg, 2.5-mg and 5-mg doses for 3-4 years, 4-5 years and at least 5 years, respectively. Each zoledronate dose produced its largest effect on BMD at 2 years. For the 1-mg dose, the mean increases (95% confidence interval [CI]) in spine and hip BMD were 5.0% (95% CI 3.0% to 7.0%) and 2.6% (95% CI 1.3% to 3.9%), respectively; for the 2.5-mg dose, they were 5.7% (95% CI 3.7% to 7.7%) and 4.1% (95% CI 2.9% to 5.4%), respectively; and for the 5-mg dose, they were 5.7% (95% CI 3.7% to 7.6%) and 4.7% (95% CI 3.4% to 5.9%), respectively.
Offset of zoledronate effects was dose-dependent and slow. For the 1-mg dose, the differences in BMD compared with placebo decreased after 2 years; for the 2.5-mg dose, the differences in BMD compared with placebo decreased after 2-3 years; and for the 5-mg dose, the differences in BMD compared with placebo remained stable until 5 years. After 5 years, the increases in spine and hip BMD compared with placebo for the 1-mg dose were 2.0% (95% CI -1.1% to 5.0%) and 1.8% (95% CI -0.1% to 3.8%), respectively; for the 2.5-mg dose, they were 2.2% (95% CI -1.0% to 5.4%) and 2.8% (95% CI 0.8% to 4.8%), respectively; and for the 5-mg dose, they were 5.1% (95% CI 2.2% to 8.1%) and 5.4% (95% CI 3.5% to 7.3%), respectively. Spine BMD returned to baseline level 5 years after administration of both the 1-mg and 2.5-mg doses, but remained above baseline in the group that received the 5-mg dose. Hip BMD returned to baseline level 2.5 years after administration of the 1-mg dose and 4.5 years after administration of the 2.5-mg dose, and remained above baseline levels 5 years after administration of the 5-mg dose. The 1-mg, 2.5-mg and 5-mg doses of zoledronate maintained total body BMD at or above baseline values for 2.5 years, 3.5 years and 5 years, respectively.
In the secondary analysis including only participants who completed the 5-year protocol, the results were similar (data not shown).
Bone turnover markers
Data for bone turnover markers are shown in Figure 3 , and annual percentage changes compared with placebo for each zoledronate dose are recorded in Table 2 . Each dose of zoledronate substantially reduced bone turnover markers soon after administration, after which each marker of bone turnover slowly increased toward values in the placebo group. The mean level of the bone resorption marker, ß-CTX, was within 20% of that in the placebo group in the 1-mg zoledronate group by 24 months, and in the 2.5-mg zoledronate group by 60 months; in the 5-mg zoledronate group, the value was 27% lower than placebo at 60 months. Changes in P1NP showed similar patterns.
Fractures
Incident fractures were infrequent and similar among treatment groups (p = 0.9). In the placebo group, 4 participants experienced 4 fractures (1 humerus, 1 rib, 2 foot); in the 1-mg zoledronate group, 3 participants experienced 3 fractures (1 rib, 1 humerus, 1 foot); in the 2.5-mg zoledronate group, 3 participants experienced 3 fractures (1 toe, 1 forearm, 1 finger); and in the 5-mg zoledronate group, 4 participants experienced 5 fractures (1 toe, 1 finger, 1 hand, 1 forearm, 1 knee).
Interpretation
This extension of a randomized controlled trial provides confirmatory and novel information about the duration of the antiresorptive activity of single intravenous doses of 1 mg, 2.5 mg and 5 mg of zoledronate. It confirms our earlier report 7 that a single 5-mg dose of zoledronate increases BMD above baseline levels and reduces bone turnover markers below baseline levels for at least 5 years. In addition, it suggests that 1-mg and 2.5-mg doses of zoledronate also have long durations of action, such that a 1-mg dose prevents bone loss for 30 months and a 2.5-mg dose for at least 42 months. These data clearly show that the offset of antiresorptive action of zoledronate is gradual, occurring over several years.
Our results raise questions about current recommendations that annual administration of 5 mg zoledronate be used to treat osteoporosis 1,2 and that 5 mg be administered every 2 years to prevent bone loss. 3 The current data show that a 1-mg dose of zoledronate prevents bone loss for 2-3 years, a 2.5-mg dose prevents bone loss for 3-4 years, and a 5-mg dose prevents bone loss for at least 5 years. Thus, doses of zoledronate both smaller and less frequent than the currently recommended 5 mg dose every 2 years can be administered to prevent bone loss.
These results also suggest that reduction in fracture risk may be achieved using 1-mg to 5-mg doses of zoledronate less frequently than annually. A single dose of 1 mg, 2.5 mg or 5 mg zoledronate produced sustained suppression of bone turnover and significantly increased BMD compared with placebo for about 2 years, 4 years and 5 years, respectively. Sustained changes of similar magnitude in bone turnover markers and BMD have been Note: β-CTX = β-C-terminal telopeptide of type I collagen, BMD = bone mineral density, CI = confidence interval, P1NP = procollagen type 1 N-terminal propeptide. *A negative value indicates a lower value in the zoledronate group. associated with fracture risk reduction for other bisphosphonates. 11, 12 Furthermore, this hypothesis is supported by post hoc analysis of the zoledronate phase III trial program that reported equivalent relative risk reduction for all clinical fractures at 3 years for participants who received 3 annual 5-mg doses (34%) and those who received only a single baseline 5-mg dose (32%). 8 A small 2-year trial of a single 5-mg zoledronate dose given to frail older women living in institutional settings, which found no reduction in incident fractures despite the expected changes in BMD, was not powered for fracture end points. 6 Another bisphosphonate, risedronate, may reduce fracture risk at lower doses than are recommended in clinical practice. 13 These results are clinically relevant. The slow offset of action of zoledronate contrasts with the quicker offset of therapies such as denosumab 14 and parathyroid hormone. 15, 16 In general, medium-and long-term adherence to treatments to reduce fracture risk is low, and low adherence is associated with higher fracture incidence. 17 In this context, the availability of a medication with prolonged activity and slow offset might help to mitigate some of the adverse effects of low rates of treatment adherence. The efficacy of lower doses suggests that they may be preferable when drug toxicity is a concern, as for recipients with impaired renal function.
Limitations
Our study had limitations. Participants were at low fracture risk, so the results may not apply to those with established osteoporosis. Although participants were randomly assigned to treatments and the end points were measured objectively, the extension protocol was open-label. Our trial was originally powered to compare each dose of zoledronate with placebo, so it does not permit conclusions to be drawn about the relative effects of the different doses of zoledronate. Finally, an important limitation is that the end points of BMD and bone turnover markers are surrogates for bone fragility.
Conclusion
The current study found prolonged antiresorptive activities of single zoledronate doses of 1 to 5 mg in postmenopausal women with osteopenia. Conducting clinical trials to evaluate the effects on fracture risk of less frequent or lower doses of zoledronate than are currently recommended is justified, because the results would have important implications for patient care and costs of osteoporosis treatment. 
